Calciphylaxis or calcific uremic arteriolopathy is an infrequent complication of end stage kidney disease. It is characterized by arteriolar medial calcification, thrombotic cutaneous ischemia, tissue necrosis often leading to ulceration, secondary infection and increased mortality rates. Current, multimodality treatment involves local wound care, well-controlled calcium, phosphate and parathyroid hormone levels and combination therapy with sodium thiosulfate and hyperbaric oxygen therapy. This combination therapy may be changing the historically poor prognosis of calcific uremic arteriolopathy reported in the literature. Peritoneal dialysis is considered a risk factor based on limited publications, however this remains to be proven. Clinical presentation, diagnosis, pathogenesis and treatment of calcific uremic arteriolopathy in these patients are no different from other patients manifesting with this condition.
Introduction
Calcific uremic arteriolopathy (CUA), commonly referred to as calciphylaxis, is an uncommon but increasingly recognized disorder associated with high morbidity and mortality. Although the disorder was first reported in 1898 [1] , the term calciphylaxis was coined by Selye in 1962 as a condition of systemic hypersensitivity induced by a sensitizing agent that resulted in metastatic calcification in various organs analogous to anaphylaxis [2] .
It is characterized by tender plaques or nodules with violaceous discoloration associated with severe pain that is often refractory to standard analgesia [3] . Historically, CUA has been associated with significant morbidity including debilitating pain, surgical resections, and amputations. More than 50% die within one year of diagnosis, usually due to superimposed sepsis [4] . Approximately 1-4% patients with chronic kidney disease (CKD) manifest CUA, and a recent report estimates a prevalence of 4% in patients with endstage kidney disease (ESKD) [5] . The pathogenesis of CUA is poorly understood; however, many putative risk factors such as female gender, hyperphosphatemia, hypercalcemia, high calcium phosphorous product [6] , use of calcium containing phosphate binders, and hypercoagulable states are reported [6, 7] . Nonuremic CUA is also reported, mostly in the context of primary hyperparathyroidism, malignancy, alcoholic liver disease, or connective tissue diseases [8] . Mineral abnormalities that are postulated in CUA are often absent in these patients suggesting that various factors play a role in its pathogenesis. Peritoneal dialysis (PD) is shown to be a risk factor for CUA in one prospective cohort [9] but has not been subsequently substantiated adequately. Further, the exact mechanism of presumed increased incidence of CUA in PD patients is not well described and in one report was attributed to the use of calcium containing phosphate binders [10] . The introduction of early aggressive therapy with sodium thiosulfate (STS) and hyperbaric oxygen therapy (HBO), in addition to local wound care, calcium, phosphate, and parathyroid hormone (PTH) control, is hoped to improve the very poor outcome of this debilitating condition. The aim of this paper is to study the clinical features, pathogenesis and management of CUA in PD patients.
Clinical Presentation
CUA is now a well-described entity in the nephrology literature in both hemodialysis (HD) and PD patients. A spectrum of disease has been described (Table 1) , most likely representing a continuum dependent on both the underlying severity and the duration of disease.
Early lesions present with localized erythema, skin induration, and associated pain and tenderness, as documented in the cases identified by Fine and Zacharias [10] . Untreated, these lesions tend to progress to become painful plaques with violaceous discoloration and formation of a central eschar. Progression leads to central ulceration ( Figure 1 ) with an expanding border of necrosis ( Figure 2 ) invariably associated with intense pain requiring, and often resistant to, high doses of opioids. Severity of disease has been proposed to correlate with high mortality rate and likely treatment failure.
The distribution of the lesions predominantly involves the lower limbs and the abdomen. Upper extremity [13, 14] , breast [13] , penis, vulva [16] , and cardiac and pulmonary [17] involvement have also been documented. Some authors suggest a distal distribution, in comparison with more proximal, portends a better prognosis [16] . However, this has not been proven.
Radiological investigations support but not confirm the diagnosis. Plain radiographic films of involved soft tissue may demonstrate areas of calcification representative of small vessel calcification. Standard mammography technique of involved soft tissue increases the sensitivity of imaging and is more sensitive than high-resolution-computed tomography [18] . The characteristic mesh-like pattern of arterioles demonstrated in CUA using a mammographic technique was not present in a long-term HD patient when CUA was absent [18] .
Histological diagnosis remains the gold standard although it is often avoided for fear of poor wound healing and exacerbating associated ulceration [9] . Histopathologic features are small and medium vessel involvement with circumferential wall calcification involving both the medial and intimal layers. There may be associated intimal hyperplasia with partial obliteration of the vessel lumen. Acute or chronic panniculitis with a relative absence of inflammatory cells is a frequent feature [16] . Fibrin thrombi are often noted and are in close proximity to epidermal and dermal necrosis. Necrosis can extend into the subcutaneous tissue.
A Local Cohort of Peritoneal Dialysis Patients with CUA
A retrospective chart analysis from 2007 to 2010 identified 5 PD patients treated for CUA within our centre ( Table 2 ). This represents an annual incidence of 0.97%, with one patient excluded due to referral from outside our local treatment population. An additional 4 HD patients in our centre were identified, not included here, with an annual incidence of 0.75%. Patient characteristics were similar to those documented in the literature ( Table 1) . Three of five were male, all with hypertension and two with ischemic heart disease. Only one had diabetes and none treated with therapeutic anticoagulation with either heparin or warfarin. Hyperphosphatemia was universal, while two of the five also had hypercalcemia at presentation. Time-averaged phosphate and calcium levels were not available. The average calcium-phosphate product was 5.46 mmol 2 /L 2 . There was a wide range in parathyroid hormone levels (PTH). Of note is a 28-years old female with ESKD secondary to lupus nephritis with suppressed PTH and intact parathyroid glands. Similar presentations have been noted previously with underlying SLE and normal or suppressed PTH [19, 20] . All our patients presented with ulcerative lesions. The margins of ulceration were biopsied and examined by a pathologist who was blinded to clinical severity (Figure 3 .) There was no association between the size of involved vessel, maximal degree of luminal narrowing, associated changes including: ulceration, epidermal necrosis, panniculitis, fat necrosis, thrombosis, calcification (septal, lobular, or both), and outcome. Despite patients presenting with ulcerative lesions, outcomes were better than expected from the literature. We suggest the better outcomes are due to a multimodality approach with STS and HBO. PD: peritoneal dialysis, CCa 2+ : corrected calcium, PO 4 − : phosphate, PTH: parathyroid hormone, n: number, HD: hemodialysis, HTN: hypertension, IHD: ischemic heart disease, D/C: discontinue, STS: sodium thiosulphate, IV: intravenous, IP: intraperitoneal, N&V:, nausea and vomiting, IDDM: insulindependent diabetes mellitus, CVA: cerebrovascular accident, HBO: hyperbaric oxygen therapy, and BKA: below knee amputation.
Risk Factors
Although many authors have proposed potential risk factors in CUA, its low frequency has restricted analysis design to retrospective case control studies with only one prospective study reported in the PD population [11] . Females are disproportionately represented with Zacharias documenting 75% of cases being female, compared with 53% females in the background PD population [10] . Female predominance has also been observed in HD populations [7] . Diabetes is another potential risk factor in patients with a frequency of 67% in CUA, compared to 29% in PD patients without CUA [9] . This association is not confirmed in the HD population [7] .
Fine reported a link between PD and increased risk of CUA with a reported incidence of approximately 4% during the late 1990s, but with a declining incidence during the last decade [9] . However, the literature reports a similar incidence of 4.1% within a HD population [21] . Singlecentre studies report the proportion of PD suffering CUA to be higher than the HD population [9] . Supporting the notion of dialysis modality being a contributing factor is the reported therapeutic response in CUA with a change from PD to HD. Reasons for this remain unclear although the constant high levels of phosphate in PD, in comparison with the fluctuations seen in HD, may contribute.
Use of calcium containing phosphate binders during the months preceding CUA onset was suggested to contribute to the incidence in PD patients [10] with the observation of decreasing incidence following the introduction of noncalcium containing phosphate binders [9] . It must be noted that these observations were not controlled for hyperphosphatemia. Hyperphosphatemia was identified as the only significant risk factor in a HD population although the small sample size of nineteen limited the power of this study [7] .
Retrospective case-controlled cohort analyses have identified numerous other potential risk factors, including time on dialysis [7] , obesity [22] , and warfarin use [23] , in the development of CUA.
Pathogenesis
The molecular biology of intimal and medial vascular calcification is a subject currently attracting considerable interest in the literature and is particularly pertinent to the ESKD population where widespread large vessel, that is, arterial, calcification is common [24] . Small and medium arteriolar vessel calcification, as seen in CUA, is much less common. In the absence of data in CUA, the molecular biology is presumed to be similar [3, 24] . Identifying the stimulus for the development of CUA, and how it selects patients, remains elusive. However, it is unlikely to be a single injury but rather the sum of a variable combination of multiple processes. Pathophysiological mechanisms of established CUA remain largely theoretical. The emergence of possible treatment modalities has sparked interest in research into identification of these mechanisms. Hans Selye [2] hypothesized a "two-hit" mechanism for CUA in a rat model, whereby sensitization with either vitamin D or intact endogenous parathyroid hormone would prime the animal for the development of "calciphylaxis" when injected with either iron preparation or egg white compound.
Disordered mineral metabolism of the calcium, phosphate, and parathyroid axis is almost universally assumed to play a role in CUA. An association between osteoporosis or osteopenia and vascular calcification has been well documented [24] , although this is restricted to large vessel calcification. Available literature does not confirm a causative relationship between disordered mineral metabolism and CUA, possibly due to heterogeneity and lack of well powered prospective studies.
Hyperphosphatemia induced vascular smooth muscle cell (vSMC) mineralization and transition from contractile smooth muscle to an osteochondrogenic phenotype expressing osteopontin, Cbfa-1/Runx2, alkaline phosphatase, and osteocalcin in in vitro studies (Figure 4 ) [24] . Similar expression markers have been identified in human CUA biopsy samples [25] . Long-term exposure to hypercalcemia at levels similar to that seen in ESKD-induced mineralization of cultured human smooth muscle cells [26] . Hypercalcemia induced increased expression of the type III sodium dependent phosphate cotransporter, Pit-1 [26] . In the presence of both hyperphosphatemia and hypercalcemia mineralization was dramatically enhanced.
The final common pathway of the varying mechanisms is the expression of nuclear factor κ-B (NFκB), a nuclear transcription factor, through the complex interaction of receptor activator of NFκB (RANK), its ligand (RANKL) and antagonist to the ligand, osteoprotegerin (OPG) [27] . Increased expression of NFκB promotes extraosseous mineralization and decreases osseous mineralization. OPG underexpression results in osteoporosis and vascular calcification, while increased expression results in an osteopetrosis phenotype [27] . The therapeutic mechanism of bisphosphonate therapy in CUA may be explained by its inhibition of the RANK/RANKL interaction [27] . This pathogenic mechanism does not, however, explain the higher incidence in the female and obese populations, where oestrogen, in the former, and leptin, in the later, increase OPG levels resulting in an expected protective effect.
Other proteins have been implicated in vascular calcification in the ESKD population. Fetuin-A or alpha-HeremansSchmid glycoprotein (ASHG) has been demonstrated to inhibit ectopic calcification in knockout mice [28] . ASHG levels have been demonstrated to be low within both HD [29] and PD populations. Interestingly, low ASHG levels were also shown to be a predictor of mortality and cardiovascular death [28] . A second protein, matrix Gla protein (MGP) has been shown to regulate medial calcification, which develops spontaneously in knock-out mice [30] . MGP requires vitamin K as an activating cofactor, thereby providing a mechanism of involvement for warfarin, by depleting vitamin K. Supporting the role of these two proteins is the observation of low MGP and ASHG levels in a HD population, with a negative correlation to time-averaged phosphate levels [31] . Iron deposition may also be involved in the development of CUA. Farah identified iron deposition in all the analyzed biopsy specimens of their series of CUA [32] . Eleven had iron deposited within the affected vessel wall and iron around the vessel wall only in the twelfth [32] . No iron deposits in areas unaffected by CUA were seen in any biopsies. Whether iron deposition is a cause, a consequence, or an unrelated association remains to be determined. Calcific narrowing of small and medium vessels provides the milieu for additional processes that may ultimately culminate in the development of CUA [27] . Associated thrombosis can develop secondary to low blood flow rates through narrowed arteriolar lumens [27] . Ahmed proposes a second mechanism, whereby vSMCs sloughed into the lumen aggregate to form thrombus [33] . Local small and medium vessel luminal thrombus in addition to vessel lumen narrowing, promotes ischemia and secondary necrosis. Systemic procoagulant states may also increase the risk of CUA development through enhanced thrombus development.
Local and systemic inflammatory mediators are thought to potentiate the development of CUA. Chronic dialysis and diabetes are known to be associated with increased levels of proinflammatory mediators, such as tumor necrosis factor alpha, Interleukin-1 and Interleukin-6 which can result in endothelial disruption promoting local thrombosis and necrosis in addition to potentiation of NFκB stimulating further vessel calcification [3, 27] . Such mechanisms may explain the possible increased risk of CUA in diabetic populations and with local minor trauma such as with insulin and erythropoietin injections.
Treatment of CUA

General Measures
Local Wound Care.
There is some evidence to support surgical debridement of the wounds [27, 34] . The opposing point of view is that debridement can increase the extent of 6 International Journal of Nephrology the nonhealing ulcer surface. The use of antibiotics is limited to obvious bacterial infection rather than colonization.
Nutrition.
CUA is most often painful and associated with depression which both impact the nutritional state. Necrotic tissues reduce appetite, possibly through the release of cytokines. Adequate analgesia with nonsteroidal antiinflammatory drugs and opioids without significantly affecting quality of life is important, as is supportive psychotherapy.
Cessation of Warfarin.
Warfarin inhibits matrix GLA metalloproteinases, thus promoting vascular calcification.
Based on this molecular mechanism, stopping warfarin with vitamin K reversal has become a common practice despite scant clinical evidence [23] . Substitution with low molecular weight heparin (LMWH) is a reasonable long-term management strategy, where anticoagulation is mandated. Therapeutic bridging from warfarin to LMWH with monitoring of Factor Xa levels is performed in those with mandated therapeutic anticoagulation. Conditions such as atrial fibrillation necessitate and individualized decision, recognizing traditional risk benefit ratios demonstrated in the general public cannot be generalized to the dialysis population [35] . Management is determined by the balance of risk of stroke or thrombosis, ability to administer and monitor LMWH, 7 patient preferences and risk of LMWH, including the cumulative risk of precipitating new CUA lesions through endothelial damage from subcutaneous injections [3] . [27, 37] . Change of dialysis prescription to: intensified PD, extended hours of HD or daily HD has been shown to be beneficial in some patients [38] . Changing to HD from PD has been trialed in the past with dramatic improvement in some patients and not in others [11] .
Reduction of Elevated PTH Levels.
The relationship of CUA with hyperparathyroidism is best seen in the nonuremic population [8] . There are also reports of ulcer healing, pain relief and survival benefit in patients on dialysis with CUA and hyperparathyroidism who undergo parathyroidectomy [39] . Medical treatment of hyperparathyroidism with cinacalcet, a relatively recent option, was reported to be beneficial [40] . Our local practice is surgical parathyroidectomy in the presence of uncontrolled hyperparathyroidism, that is, hormone levels greater than seven to nine times the upper limit of reference range (CARI guidelines [41] ). Cinacalcet is used in those who are not surgical candidates.
Emerging Treatment Options
Sodium Thiosulfate (STS)
. STS acts as a chelating agent for calcium and iron and also as a potent antioxidant resulting in decreased vasospasm and pain along with solubilization and decalcification of the deposits [42, 43] . STS can be given orally [40] , intravenously (IV) [12] or intraperitoneally (IP) [13] . There is no consensus on the best dosing schedule and STS is given at varying regimes, including 7.5 g/week orally [40] , 12.5 g [44] to 25 g IV or IP three times a week. Intravenous STS can cause abdominal cramping, nausea, vomiting, and diarrhea if infused rapidly [45] . Acidosis and hypocalcemia have been reported [46] . We used STS in all our PD patients with CUA. In three patients, we administered STS IV and converted them to HD. However we left the last two patients on PD and administered 12.5 g of STS in 2 litres of the long dwell dialysate, three times a week. One patient developed bacterial peritonitis after one week of therapy, which was treated according to the International Society of Peritonitis Dialysis guidelines and continued on IP STS and PD. Two months later, he presented again with culture negative peritonitis raising the possibility of chemical peritonitis. He also developed tremors and we stopped IP STS due to concern over STS causing these side effects. The second patient received STS IP for 3 months uneventfully and there was a complete healing of skin lesions.
The optimum dose and duration of treatment with STS is yet to be determined.
Hyperbaric Oxygenation Therapy (HBO).
This modality is increasingly used for its benefits of better tissue oxygenation, improved angiogenesis, and enhanced phagocytic activity and bactericidal action in tissues with CUA and hypoxemia driven injury [47] . Ulcers heal in 40% to 75% of treated patients [48, 49] . Reported side effects are barotrauma, reversible myopia and neurological complications from oxygen toxicity [50] . Logistical constraints may limit its use as HBO may not be available in all centers, necessitating transfer of patients to a unit with such facilities.
Combination Therapy.
Aggressive therapy with a combination of all these modalities, including HBO and STS, in early lesions is likely to promote healing through multiple pathways [47] . Treatment using this approach in our PD population resulted in healing of skin lesions of all cases despite aggressive presentations.
Bisphosphonate Therapy.
Bisphosphonates have an anti-inflammatory action and inhibit osteoprotegerin mediated calcification [51] . Despite bisphosphonates current product information contraindication in ESKD, case reports have document benefit with their use in CUA [52, 53] . Data to guide safe dosing of bisphosphonate therapy in ESKD is absent, hence routine use in this population cannot be recommended.
Due to increasing success with combination therapy of STS and HBO, our unit reserves bisphosphonate use for last line therapy. The decision to use bisphosphonate should include the bone metabolism status; however, the high mortality in CUA often supervenes a concern of later development of adynamic bone disease. The emergence of more accurate markers of bone turnover such as C-telopeptide and N-terminal propeptide of collagen type I may better guide our use in the future but would require investigation prior to routine use.
Conclusions
The clinical features of CUA in PD patients, the diagnosis, and possible pathogenetic mechanisms are comparable to other patient groups with CUA. The risk association of PD with CUA requires confirmation. Aggressive therapy with combination STS and HBO, in addition to general measures, may reduce morbidity and mortality in PD patients with CUA. Treatment of CUA in PD patients does not differ from other patient groups except for the intraperitoneal route of administering STS.
Further prospective studies are needed to clearly identify the risk factors, to describe the pathophysiology, in particular the differences from atherosclerosis seen in large arteries, and to define and standardize therapy. Adequately powered randomized studies will be difficult to conduct due to the low incidence of disease and the high associated mortality causing hesitancy and ethical consideration in randomization to 
